B. Studies of Bithiazole (BTS) as a Ligand in Bridged
Binuclear Metal Complex Systems and as an Analog
of TTF*

The compound, bithiazole (BTA), was investigated
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as a potential source of novel conductors materials from
two quite different viewpoints. First of all, it was
recggnized that the -1 anion of BTA is isoelectronic with
TTF and that it might, therefore, form structures con-
taining spin-paired, dimeric and/or delocalized,one-
dimensionally stacked units analogous to those previously
found in the case of TTF'. Secondly, the prospect of using
this compound as a bridged ligand to form binuclear com-
plexes of the type,
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was anticipated from prior work on related tetradentate
binucleating ligands such as biimidazole and bipyrimidine
(Ref. 23). Such binuclear complexes have been the object
of much attention recently, in part from the standpoint
of their potential utility as catalysts. Such systems
also have been suggested for use as stacked 1~D conductor
systems.
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In order to investigate these possibilities we under-
took the preparation of bithiazole and have carried out
some preliminary studies of its redox and ligating charac-
teristics. We developed an improved procedure for its
synthesis based on an earlier literature method (Ref. 24)
and characterized it using elemental analysis, mass spectral
data as well as both C!3 and H! nmr data.

Studies of its redox behavior were undertaken in
collaboration with Dr. W. Geiger of the University of
Vermont using cyclic voltammetry and it was found to
undergo a reversible reduction in acetonitrile solution
at -1.90v vs. SCE. We have also found that it can be
reduced chemically with alkali metals in aliphatic ether
solvents to yield a highly colored and reasonably stable
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radical anion in solution (in the absence of air and
moisture). This anion has been isolated as its K% salt
which was found to exhibit thermally activated conduc-
tivity behavior (as a pressed pellet) with 0;50% 7.5x 10™°
ohm~lcm™!. This salt decomposed in air to yield neutral
BTA. Some preliminary attempts to obtain a more stable
and conductive derivative using various complexing ligands
for the K* ion (such as the crown ethers and cryptates)
have been made; however, thus far the desired conductive
materials have not been forthcoming. These have included
efforts to prepare a mixed valence derivative by co-
crystallizing the BTA™ salts with neutral BTA. Work along
these lines has been suspended for the present.

Attempts to prepare binuclear complexes using BTA as
a bridging tetradentate ligand have centered on the reaction:
2 Ru(bipy) ;Cl,+ BTA+ [Ru(bipy) 2] ,BTA Cl,, which has been
studied in both ethanol and acetonitrile solution. 1In the
former case, the preparation of a Ru/bipy),-BTA derivative
was evidenced, however it has not been successfully purified
and characterized as yet. With acetonitrile the correspond-
ing Ru(bipy) (CH CN)2* complex was obtained with no indication
of a BTA derivative, suggesting a rather weak coordination
ability for this species. These efforts to obtain binuclear
BTA complexes will be continued using various other metal
complexes in addition to the Ru(bipy)§+ species.

C. Other Work

Other work related to the contract effort includes .
efforts to prepare mixed valence crystals of the NiSQCqHun
complex using large counter ions to promote stacking of the
NiS,C4H,"~ units, the attempted synthesis of a graphite
inclusion compound of NiS,Cy4 (CF3),, and some studies of
benzo-b-quinolizinium (BBQ') salts of TCNQ. These efforts,
which were not successful in producing new conductive
materials, are described in detail in our various annual
reports (see bibliography).

CRYSTALLOGRAPHIC STUDIES

Molecular Displacements in the Spin-Dimerized State of
TTF-CuS,Cy (CF3) 4_at 4.2K
(with D.E. Moncton - Bell Laboratories)

In view of the importance of the spin-Peierls effect
for understanding the nature of one-dimensional conductors,
it is desirable to know the exact molecular displacements
in the spin-dimerized state. Toward that end, we have en-
gaged in a study of the structure of TTF:CuS,C, (CF3), below
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the magnetic transition temperature of 12K. Previously
x-ray scattering experiments had defined the unit cell

and the probably direction of the spin-dimerization axis,but
the the exact positions of atoms and molecular displace-
ments, requiring measurements of integrated intensities

for a large number of reflections, could not be specified.
During the past year, integrated intensities for two zones
have been obtained and these data have yielded the desired
information as to molecular displacements.

The reflections that are characteristic of the spin-
dimerized state are very weak (about 1/2% on the average
of the main reflections) and a high intensity x-ray source
is necessary for their quantitative measurement. Accord-
ingly, the intensity data were obtained with the 50KW
rotating anode source at Bell Laboratories, which provides
an x-ray flux at least two orders of magnitude greater than
that from conventional sources. Despite this advantage it
still was not possible to collect all the intensity data
that would be needed for a complete structure determination.
It was deemed sufficient to use two zones of reflections
(161 total) in conjunction with a very plausible simplifying
assumption.

It was assumed that the internal geometry of the two
molecules remained fixed, as it essentially is at all tem-
peratures from 200 to 300K (except for rotation of CFj3
groups, which ceases below 240K). It was then possible to
describe the structure with at most 12 structural parameters
rather than the 112 parameters needed for a detailed descrip-
tion of individual atom locations. A program allowing groups
of atoms to be maintained rigidly was procured from J. Ibers
and modified appropriately for the problem at hand.

An interesting and unforeseen complication regarding
intensities from the low-temperature phase was that they
were observed to diminish with time. The time for a given
intensity to diminish to one-half the initial value was only
31 minutes. It was important, then, not only to collect the
data fast but also to apply a correction according to the
time at which a measurement was made. It is only the inten-
sities due to the dimerized state that undergo the large
changes; no significant change is detectable in the main
reflections that are not sensitive to molecular displace-
ments. It would be interesting to investigate the nature
of the radiation damage but that was not the purpose of our
investigation.

The most appropriate zone for investigating the molecu-

lar motions is (hol), which can ascertain the motions
relative to the soft-mode axis cp, as well as the other
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important directions ap, and ap +cp or cf. The most sig-
nificant information was in fact ogtained from (hol)
reflections. The largest effect was a translation o%
0.0378 of TTF molecules along c,, the indicated soft-mode
direction, i.e. the molecules a?e paired in this direction
with 0.074& shortening between the members of a pair and
0.074 lengthening between paired molecules. The nature of
the displacement is indicated in Figure 6. Also, there is
a displacement of BDT molecules by only 0.00778 along the
diagonal of the primitive cell. Only the centers of mass
of BDT molecules are indicated in Figure 6.

The measure of agreement between observed and calcu-
lated structure factors is given in Table II. The reflec-
tions with even indices are those not sensitive to the
molecular displacements and are essentially the same at
temperatures slightly above the transition temperature of
12K. The reflections with h and 1 odd are those that arise
below 12K. It appears the agreement is quite satisfactory,
considering the assumptions and approximations that have
been made.

This investigation establishes then that the spin-
dimerization axis is indeed the special direction along
which the TTF molecules have the shortest separation, ie.
the direction for a "soft-mode". The smaller displacement
of BDT molecules would appear to be a secondary effect re-
sulting from the displacement of TTF molecules. The extent
of the molecular translation (.0378 for TTF) is in accord
with estimates based on the theoretical treatment of the
spin-Peierl effect.

This work is completed now and a manuscript is being
prepared for publication. The results have been communi-
cated at the Eleventh International Congress of Crystallo-
graphy, Warsaw, Poland, 3-12 August, 1978.

(TTF) 2 (NiSuCng.) 3

This compound is special among the family of compounds
formed by combining TTF with different types of BDT mole-
cules. 1Its stoichiometry is unusual, there is no charge
transfer and it appears to be a solid solution of the two
neutral molecules, a circumstance apparently not previously
encountered with molecular crystals of this kind.

Its structure is illustrated in Figure 7 in projection
on the (001) plane. The cell is monoclinic (space group
P2)/m with the dimensions a=11.568, b=5.228, c=6.62%,
, B=93.1° and contains two sites for molecules. Each of
3 these sites accommodates either a TTF or a NiS,CyH, molecule
. in a proportion corresponding to the stoichiometry. The
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remarkably close similarity of the two molecules can be
seen from the fact that the S and outer C positions are
in virtual superposition for both of them and the main
difference is the replacement of a C=C pair in TTF by

a nickel atom in NiS,CyH,. A refinement of the structure
with 445 independent reflections has been made with an R
factor of 0.081 (F2 basis), allowing atom location to
within 0.01Z&.

There is not complete disorder, however, as evidenced
by additional weak reflections that appear to be incommen-
surate with the cell given above. A subtle composition
variation in one direction is implied leading to a complex
scheme of ordering. The exact nature of the ordered
structure is being investigated at present and the results
will be published along with the structure of the dis-
ordered phase. It is planned to make a presentation of
the results of our structural studies at the next meeting
of the American Crystallographic Association, Hawaii,
March 25-29, 1979.

TTT;,NiS,CyH,

This highly conducting charge-transfer compound is
unique in several respects and the structure studies have
been of prime importance in understanding its unusual
character and peculiar properties. Although from elemental
analysis a simple 1 to 1 stoichiometry could be inferred,
the structure clearly defined it to be 1.2 to 1. This
finding as well as the molecular arrangement deduced from
the structure determination allowed a proper interpretation
of the magnetic behavior and the nature of the charge
transfer.

An interesting feature of the structure is that
separate orthorhombic sub-cells are formed by the two
molecules. The unit cell for NiS,CyuH, m@lecules has the
dimensions a==12.73§, b==22.l3&, c=8.73A with 4 molecules
per cell. The NiS,CyH,; molecules occur in planes parallel
to (010) and are well separated from one another. The sub-
cell for the TTT molecules is related to this cell in that
appr = 2a and biyppp = 2b but the ¢ dimensions are quite dif-
ferent: cppp=3.63&. The TTT molecules are uniformly
stacked in an eclipsed manner along c with the intermolecu-
lar separation of 3.63&. The consequence is that within a
given volume there are 1.2 TTT molecules to one of NiS,CyH,,
clearly defining the stoichiometry to be 1.2 to 1. Further-
more, the ratio c/c= JL%%»:?.%O =12 jndicates that match-
ing of the two sub-celfé‘occurs for 5 cells of NiS4CyHy and
12 cells of TTT. The structure suggests also a partial fill-
ing of a metallic band to the extent of 74,.
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The structure is illustrated in Figure 8 in pro-
jection on the (001) plane in terms of the smaller cell
appropriate to NiS,CyH,. Figures 9 and 10 give views
of the structure for slices parallel to (010), showing
both the orientation of NiS4CyH, molecules and the dis-
placement of respective (001l) planes normal to c and c’.

The interesting feature of the matching of 12 cells
of TTT to 5 gells of NiS,CyHy with the resulting periodi-
city of 43.6A is that this is precisely the periodicity
to be expected from a Peierls distortion. The implication
is that the TTT molecules are not situated at exactly 4,
of the large period but that there probably is a modula-
tion of the z parameter. It would be very interesting to
ascertain the individual distortions in the TTT molecular
stack, for which there should occur weak satellite reflec-
tions. We have searched for such parasitic reflections
both with film methods and with a diffractometer but with
no success. It should be noted that the crystals for this
work were considerably smaller than ideal and efforts to
grow larger good crystals have not been successful. It
is quite possible that the molecular displacements are
very small indeed and the special diffraction effects
would be observable only from larger crystals and more
intense x-ray sources (cf. the experience with the spin-
Peierls effect for TTF°®CuS4Cy (CF3)y).

Of necessity, then, we are able to report for publi-
cation only on the gross structure as described here and
do not plan to do any further search for satellite reflec-
tions.

BBQ (TCNQ),

Structure studies of this compound were made when it
was ascertained that it was a highly conductive one-
dimensional system. The final analysis showed the struc-
ture to be remarkably similar to that of a compound
containing an isomer of BBQ, namely acridinium, ARDH. Once
it was learned that conductivity studies had already been
made in the USSR, it did not seem worthwhile to pursue the
structure studies with small hope of uncovering any subtle
difference between the BBQ compound and the acridinium
compound. A more detailed account of the work is given in
Semiannual Status Report No. 3, SRD-78-061.
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SECTION 3

OTHER ACTIVITIES

During the period of this contract Dr. John Kasper
has served on a Panel appointed by the National Academy
of Sciences to report on "Low Energy Neutron Research in
the United States: A Study of the Facilities and Scien-
tific Opportunities". 1In addition he served as Chairman
of the Sub-Panel on "Structures". A report has been com-
pleted and published by the National Academy of Sciences
(1977). Also Dr. Kasper has served as a member of the
Crystallographic Committee of an ERDA workshop to evaluate
the status and opportunities of various methods and tech-
niques for the study of the structure of matter. The work-
shop was held at the Oak Ridge National Laboratory in April,
1977. For the period September 1975 to April 1976
Dr. Kasper was on leave as a Visiting Professor at the
University of Bordeaux where he carried out structural
studies on new borides.

Dr. Interrante has served as Chairman of the Symposium
"Recent Advances in Inorganic and Organometallic Chemistry”,
at the April, 1976 Centennial Meeting of the American Chemical
Society in New York and of the 1976 Gordon Research Conference
on Inorganic Chemistry which focused on the topic "Cooperative
Effects in Inorganic Chemistry". For a one-week period in
April 1977 he served as a guest lecturer in the course
"Perspectives in Industrial Research” at the University of
California at Riverside. For the past two years he has par-
ticipated in the annual review of the Materials Science Pro-
gram of the Ames Laboratory, DOE in Ames, Iowa an an external
reviewer. In September, 1977 Dr. Interrante visited France
as a guest of the French CNRS to present lectures at a Summer
School on the topic "Transition Metal Complexes with Unusual
Solid State Properties" and to visit various laboratories
where work on 1-D materials was in progress.

Dr. Interrante was elected to the post of Secretary-
Treasurer of the Inorganic Division of the ACS in 1977 and
has served in this capacity since January 1978. In September
1978 he attended a NATO Advanced Research Institute on
"Molecular Metals" in Les Arcs, France and served as Record-
ing Secretary for the Study Group on "Extensions and Reevalua-
tions of Existing Systems" at this Institute. The purpose of
this meeting was "to bring together experts to make critical
assessments of the existing knowledge in the field and to try
to reach concensus in identifying potential in the field and
indicating useful research directions for the benefit of the
scientific community at large". He has also been asked to
participate in a NAS sponsored workshop on "Synthesis and
Characterization of Advanced Materials" as a member of the

panel on "The Interdependence of Synthesis and Characterization".

This workshop is to be held at the NAS facility in Washington,
DC on December 13-14, 1978.
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Table 1

NEW m-D-A COMPOUNDS PREPARED USING BIS-DITHIOLENE
METAL COMPLEXES2

D
:T\\\\ TTF TTT BMBD OMBD
MS,C4X,
X = CF3 lzlbc o L 1
M = Ni, Pt, Cu, Au <107?
X =H 3:2 -4 1:2 -3 1.2:11 2 _, 2 8 2
M= Ni 1 x 10743 x 10 14 |3 x 10 2 x 10 1 x 10
X=H or.d * s |
M = Pd, Pt i Pd 0.6, Pt 0.2
X = CH; ? & 4
M= Ni L2t 3 x 107°
X = CgH nl:l
5 ] X 2
i = Ng N.R g % 102
M(SGXY3),
X =CH3, Y =H ~vl:l vl:l L
M = Ni 5 x 10°° 1 %103 N.R.
X = CH3, Y =H Al:1 1:1
M = Cu 1 x 1076 4 x 1072 Mk
X =CE3,Y = H v1l-1 8 1:1 nl:l -6 &)
M = Co 75 10 8 x 1072 3 x 10
X=Y=*H ey wkel o Yik s g
M = Ni 3 x 10 8 x 10 7 x 10 6 x 10
X=Y=*H nl:l 1:1 X
M = Cu 6 x 10°6 3 x 1072 b
X=Y=H nl:l 1:1 =
M = Co 1x 10”7 6 x 10°% ChL
X=Y=CH ? A1l _ SR
MaNi ° 8 x 1077 3 x 1073 4 x 10°°
X=Y=F 7% S oy ) oy
M = Ni 1l x 10 1l x 10 2 x 10

a) prepared either by direct reaction of the neutral components or by meta-
thesis; structures of D and A molecules are given in Figure 4.

b) the stoichiometry of the compound as A:D, where determined by elemental
analysis.

c) the conductivity at 25°C, measured using a polycrystalline sample. |

d) indicates no new D-A compound formed as evidenced by x-ray powder diffraction
patterns and/or elem:ntal analyses of products.

e) indicates compositioa uncertain, due to either poor analytical results or
lack of information.
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Table 2
Observed and Calculated Structurc Factors
Crystal A
E:l Fobs. Feale, Efl EBEE ES&lE
101 0.4 0.2 200 45 50
301 1.5 1.7 400 78 70
501 1.3 2.5 600 19 25
701 1.8 2.1 800 144 145
¢ 901 4.6 5.6 10.0.0 14 28

11.0.1 8.2 9.5 12.0.0 51 63
13.0.1 6.2 6.8 002 44 45
103 1.9 1.9 202 24 29
303 2.2 2.2 402 47 47
503 7.5 7.0 602 92 93
703 0.9 0.5 802 35 30
903 7.2 7.4 10.0.2 131 148
11.0.3 5.4 4.6 12.0.2 71 78
13.0.3 2.6 3.9 004 36 41
105 2.4 2.7 204 20 8
305 1.8 1.9 404 105 102
505 4.5 5.2 604 14 9
705 5.5 5.9 10.0.4 26 34
905 2.5 3.6 12.0.4 23 25
11.0.5 3.3 2.7 006 79 77
107 10.8 9.5 206 97 97
307 2.9 1.9 406 107 102
507 1.1 2.3 606 65 41
707 2.3 2.9 806 31 27
907 2.9 3.4 10.0.6 42 41
109 6.8 7.1 008 154 * 150
309 18.2 17.0 208 7 3
509 7 ek 4.4 408 129 120
709 1.8 1.5 608 21 20
301 1.0 1.5 206 77 66
501 2.0 1.9 806 45 50
701 2.6 1.0 10.0.6 72 77
901 6.8 7.1 808 120 116
11.0.1 1.3 2.2 10.0.8 31 28
103 0.7 0.6 12.0.8 36 29
105 1.5 J.1 t}.o.s 59 52
To7 1.9 0.5 16.0.8 83 80
307 1.6 1.3 10.0.10 71 72
707 2.6 1.2 i?.o.lo 14 13
507 5.9 5.6 14.0.10 36 45
11.0.7 4.2 4.5
13.0.7 3.2 3.1 R = 0.094

15.0.7 4.3 4.9

17.0.7 4.3 4.3

109 10.5 10.6

309 5.7 6.6

11.0.9 6.1 6.6

i}.0.9 0.4 0.7

15.0.9 .2 5.4

§.0.11 6.6 5.7

I1.0.11 2.2 0.8

13.0.11 6.4 4.4

15.0.11 1.6 2.5

3.0.13 2.6 3.4
11.0.13 5.0 3.5
13.0.13 7.6 8.9

R =20.176
29
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A projection of the N subcell on the ac plane showing the
relative orientation of the NiS4C4Hz units within this plane.
The directions of the principal g values, gj and g5, charac-
teristic of the individual N~ units are indicated; g3 lies
perpendicular to the plane of the molecules and parallel to
the crystallographic b axis.
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